Introduction {#S0001}
============

Ageing is a natural process that predisposes individuals to cardiovascular disease (CVD), which is responsible for the highest percentage of deaths in the world, reaching 31%.^1,^[@CIT0002] As the population of older adults expands, elucidating the mechanisms of vascular dysfunction with age is critical to better direct appropriate and measured pharmacological and lifestyle interventions against CVD risk. Increased aortic stiffness is an important feature of aging and of CVD and is mainly attributed to changes in the extracellular matrix (ECM), sometimes called elastocalcinosis.[@CIT0003],[@CIT0004] Complementarily, Qiu et al proposed a mechanism due to smooth muscle stiffness.[@CIT0005] But ageing affects vascular reactivity (VR) too, by altering the sensitivity and maximal effect of stimulating contractile agonists and endogenous vasodilators.[@CIT0006],[@CIT0007] It is feasible that the vascular stiffness is due not only to one mechanism but also to the complementarity of several, and one very important to take into account would be the change in the VR. Further, in diagnosing or research, it is important to differentiate the possible changes in the blood vessel caused by a disease from those caused by the ageing of the vessels. Moreover, VR is a more plastic factor, while ECM changes require more time and could be less responsive to treatment,[@CIT0003] which has an impact on therapeutic strategies.

Since a study on vascular ageing in humans is challenging, the rabbit is an interesting model frequently used in research focused on cardiovascular pathophysiologies[@CIT0008] such as heart damage,[@CIT0009] hypertension[@CIT0010] and ageing.[@CIT0011] This is so because the rabbit has an over 90% homology with humans, is readily available, can be grown in controlled conditions and has a short life span. The rabbit aorta is widely used to quantify the influence of possible drugs on VR and as an initial approach that allows VR to be extrapolated to humans.[@CIT0012],[@CIT0013] As for ageing, it has been shown in rabbits that it decreases aortic relaxation by reducing β-adrenergic receptors activity.[@CIT0014] This decrease in vascular function with ageing has also been described in the aorta of male and female rats.[@CIT0015] We consider important to contribute about the mechanisms and the expression of the receptors involved in the changes of the VR evidenced by the research in rabbits and other models such as mice and rats.

Then, the goal of this study is to characterize the changes in the kinetics of rabbit aortic ring response as a function of ageing and to clarify the mechanisms involved, using one receptor-independent contraction inducer (potassium chloride, KCl), two receptor-dependent contraction inducers (phenylephrine (PE) and U-46619, a thromboxane A2 agonist, TXA2), two receptor-dependent relaxation inducers (carbachol (CCh) and isoproterenol) and independent relaxation inducer (sodium nitroprusside dihydrate, SNP). Complementarily, the wall thickness and expression of the receptors involved in some pathways were measured.

Materials and Methods {#S0002}
=====================

Animal Model and Reagents {#S0002-S2001}
-------------------------

Ten young ("YO"; 1.5±0.5 months, 0.8±0.2 kg), 10 adult ("AD"; 6±0.5 months, 2.7±0.5 kg) and 7 old ("OL"; 28±8 months, 3.2±0.8 kg) male New Zealand rabbits were obtained from the cuniculture facility of the National Learning Service at La Salada (Antioquia, Colombia). The animals were housed in metal cages, with a room temperature of 21±2°C, under 12 hours of light and with free access to normal chow and water. The use of rabbits was approved by the Animal Experimentation Committee of the University of Antioquia (Medellin, Colombia), act 122 of February 5, 2019 in accordance with law 84 of 1989 "National Statute for Animal Protection" and resolution 8430 of 1993 "Scientific, technical and administrative standards for health research".

Carbamoylcholine chloride (212385-M), phenylephrine hydrochloride (P6126), and isoproterenol bitartrate (I2760), sodium nitroprusside dihydrate (71778) were from Sigma--Aldrich Co. (St. Louis, MO, USA). U-46619 (ab144540) was from Abcam (Cambridge, USA). Stocks were prepared in distilled water with 10 µM ascorbic acid in order to prevent oxidation. All antibodies were from Abcam (see below).

Dissection {#S0002-S2002}
----------

Each animal was anaesthetized with intraperitoneal sodium thiopental (60 mg/kg) with subsequent cervical dislocation. The descending aorta was rapidly dissected, without the branching zones, and conserved in Krebs-Henseleit (KH) solution, with the following composition (mM): NaCl, 118; KCl, 4.7; KH2PO4, 1.2; MgSO4, 1.2; NaHCO3, 25.0; glucose, 11.1; CaCl2, 2.5; pH 7. Under magnification, excess peripheral tissue was removed from the aortic segment which was cut into 10 rings, 3--5 mm in length. Four rings were used for relaxation and contraction experiments that began within the first hour after the sacrifice. Four rings were preserved for 24 hours in KH solution previously bubbled with carbonated gas (95% O2--5% CO2) inside a cooler at 4°C and were used only for contraction studies. Other studies have shown that there are no differences in vascular reactivity at 24 hours of preservation in KH at 4°C.[@CIT0016] The remaining two rings were embedded in Shandon Cryomatrix (Thermo Fisher Scientific, USA) and frozen in liquid nitrogen for immunohistochemistry. Previous results from our laboratory showed that in this type of assay, there is no significant difference with respect to fresh samples.

Vascular Reactivity {#S0002-S2003}
-------------------

The rings were placed in an LE13206 PANLAB organ bath (Barcelona, Spain) with 10 mL of KH at 37°C and bubbled with carbogen, as described.[@CIT0017] The contractile response was digitized with a Powerlab PL-3504 (Sydney, Australia) and analysed with the dose--response module of LabChart 8 software. Each preparation was stabilized at 2 g of resting tension for 90 minutes before initiating the agonist stimuli; during this period, the KH solution was replaced every 20 minutes. After stabilization, the arterial ring was stimulated twice with 4×10^−2^ M KCl, recording the response for 10 minutes, and washed for 20 minutes between each stimulus. Then, 1×10^−6^ M PE and 1×10^−5^ M CCh were applied to the bath to confirm the presence of the endothelium; this was performed for all arterial rings. Then, the evaluation was started by applying a single dose of 4×10^−2^ M KCl; a cumulative dose of KCl ranging from 5 to 60 mM; a cumulative dose of PE ranging from 1×10^−9^ M to 1×10^−5^ M; and a cumulative dose of U-46619 ranging from 1×10^−10^ M to 1×10^−6^ M. Relaxation studies were performed with 1×10^−6^ M PE precontracted rings, using CCh at doses ranging from 1×10^−9^ M to 1×10^−5^ M, isoproterenol at doses ranging from 1×10^−9^ M to 1×10^−5^ M, SNP at doses ranging from 1×10^−10^ M to 1×10^−5^ M. The VR to isoproterenol was measured only in relaxation and was suspended at the onset of contraction because precontraction with an α1 agonist could have affected this contractile VR.

Histology and Immunofluorescence {#S0002-S2004}
--------------------------------

Frozen arteries were cut in 10-μm thick sections. For histology, they were fixed in Carnoy's solution (ethanol, chloroform and acetic acid, 6:3:1) and stained with haematoxylin and eosin to evaluate changes in morphology, and with Van Gieson and a modified Van Gieson (with orcein) to qualitatively evaluate collagen and elastic fibers, respectively. Evaluation of the images was performed under a 20× objective. ImageJ v1.52a was used to process the images by quantifying the thickness of the intima-media in 2 random regions for each image.

For immunofluorescence, the sections were fixed in acetone, permeabilized with 0.1% Triton X-100 and blocked with 5% bovine serum albumin in phosphate-buffered saline. Different sections were incubated with the following primary antibodies at 4°C overnight (all diluted 1:1000 in blocking solution; Abcam): anti-α1 adrenergic receptor (ab3462, Abcam), anti-β2 adrenergic receptor (ab61778, Abcam), anti-thromboxane A2 (TP) receptor (ab233288, Abcam). After washing, the rings were incubated with goat anti-rabbit secondary antibody conjugated to Alexa Fluor 594 (red, 1:800 in blocking solution; ab150080, Abcam) at room temperature for 2 hours. As a control, one section from each experimental group was not incubated with a primary antibody but was incubated with a secondary antibody. Images were obtained using an inverted fluorescence microscope (Axio Observer A1, Carl Zeiss), a mercury lamp (HXP120, Carl Zeiss) and a filter (64 HE MPLUM, Carl Zeiss; emission window 647/70 nm). Evaluation of the images was performed under a 20× objective. ImageJ v1.52a was used to process the images using the Split channels tool in RGB images, quantifying the average intensity of red in 3 regions of interest of the intima, media and adventitia for each image.

Statistical Analysis {#S0002-S2005}
--------------------

The results are presented as the mean ± SEM of the maximum contraction (Emax) and the negative logarithm of the molar concentration of agonist producing 50% of the maximum response (pD2). pD2 was calculated by nonlinear regression of the concentration--response curves. The groups were compared using two-way ANOVA followed by post hoc Tukey's test, considering a significance level of P\<0.05. The statistical package GraphPad Prism 6 Statistics, version 6.01, was used.

Results {#S0003}
=======

Intima-Media Thickness {#S0003-S2001}
----------------------

In the quantification of vascular thickness, no differences were found between YO, AD and OL (YO, 126±6 µM; AD, 125.7±7.2 µM; and OL, 133±5.5 µM; n=5 for all the experiments. [Figure 1](#F0001){ref-type="fig"}; p=0.62). In addition, in the histology results by Van Gieson and modified Van Gieson (with orcein), no qualitative differences were found between the groups.Figure 1Quantification of the thickness of the vascular wall of aortic rings of YO, AD and OL rabbits. Results on average ± SEM. The number of experiments is 4 in all cases.

Contraction {#S0003-S2002}
-----------

Upon stimulation with KCl, VR in the aorta showed a decreased sensitivity in AD and OL (p=0.01). However, no significant differences were found in the maximal response ([Figure 2A](#F0002){ref-type="fig"}, p=0.1). VR with PE showed significant differences in sensitivity between YO and AD compared with OL ([Figure 2B](#F0002){ref-type="fig"}; p=0.002), together with an increase in the Emax of OL versus YO ([Figure 2B](#F0002){ref-type="fig"}; p=0.01). The stimulus with U-46619 resulted in a decrease in the pD2 of OL compared with that in YO and AD (p=0.001). The maximum response to the stimulus with U-46619 was higher in YO than in AD and OL ([Figure 2C](#F0002){ref-type="fig"}; p=0.001). A summary and number of experiments can be found in [Table 1](#T0001){ref-type="table"}.Table 1pD2 and Emax to KCl, FE, U-46619, CCh Isoproterenol and SNP in Aortic Rings in YO, AD, and OL RabbitsAgonistpD2Emax (%KCl 40mM)YOADOLpYOADOLpKCl1.8±0.031.65±0.031.6±0.050.01119±11140±5124±50.1PE6.3±0.036.5±0.66.1±0.040.002121±12144±2.2148±60.01U-466198±0.37.9±0.56.5±0.10.001149±14129±974.5±110.001CCh6.3±0.16.5±0.056.2±0.010.0586±3^a^83±4^a^73±3^a^0.03Isoproterenol7±0.16.6±0.086.1±0.40.0173±12^a^50±6^a^31±12^a^0.001SNP8.5±0.036.5±0.077.2±0.10.01127±6124±4108±40.2[^1] Figure 2Concentration--response curves to KCl (**A**), PE (**B**) and U-46619 (**C**). YO (●, 4 animals, 8 rings), AD (■, 4,8) and OL (▲, 4,8). δ indicates a higher sensitivity to KCl and lower Emax to PE in YO arteries, compared to AD and OL. ψ indicates a higher sensitivity to KCl and to U-46619, and a higher Emax to U-46619, in YO and AD arteries compared with OL. In panel B, ε indicates a higher sensitivity to PE in AD, compared to YO and OL. pD2 and Emax values in all conditions can be seen in [Table 1](#T0001){ref-type="table"}. Significance level of P\<0.05.Figure 3Concentration--response curves to CCh (**A**), isoproterenol (**B**) and SNP (**C**). YO (●, 4 animals, 8 rings), AD (■, 4,8) and OL (▲, 4,8). δ indicates a lower sensitivity in YO to CCh than AD and higher than OL, and a higher sensitivity to isoproterenol and SNP and higher Emax to isoproterenol in YO compared with AD and OL. ψ indicates a higher sensitivity to CCh in YO and AD compared with OL. ϕ indicates a higher sensitivity to CCh and isoproterenol and higher Emax to isoproterenol in AD compared with YO and OL.  γ indicates a lower sensitivity in AD to SNP than YO. λ indicates a lower relaxation in OL to SNP than YO. pD2 and Emax values in all conditions can be seen in [Table 1](#T0001){ref-type="table"}. Significance level of P\<0.05.

Relaxation {#S0003-S2003}
----------

In the CCh-induced endothelium-dependent relaxation showed a decreased sensitivity ([Table 1](#T0001){ref-type="table"}; p=0.05) and maximal response in OL ([Figure 3A](#F0003){ref-type="fig"}; p=0.03). When stimulated with isoproterenol showed significant differences in sensitivity between YO compared with AD and OL. The maximal relaxation was found decreased in OL (Emax: YO, 73±12%; AD, 50±6%; and OL, 30±3% of maximum relaxation) compared to the other groups ([Figure 3B](#F0003){ref-type="fig"}, p=0.001). VR with SNP showed significant differences in sensitivity between YO compared with AD and OL ([Figure 3C](#F0003){ref-type="fig"}; p=0.01). However, no significant differences were found in the maximal response ([Figure 3C](#F0003){ref-type="fig"}; p=0.2). A summary and number of experiments can be found in [Table 1](#T0001){ref-type="table"}.

Immunofluorescence {#S0003-S2004}
------------------

The expression of receptors quantified by fluorescence in rabbit aorta was normalized with respect to YO ([Figure 4A](#F0004){ref-type="fig"}). For the α1 receptor, the values for the intima were 1±0.2 for YO (n=4 for all the experiments), 2.3±0.9 for AD and 3±0.5 for OL, with no significant differences among the groups ([Figure 4B](#F0004){ref-type="fig"}, p\>0.05); for the media, the values were 1±0.5 for YO, 3.44±1.3 for AD and 4.04±2.4 for OL, without significant differences among the groups ([Figure 4B](#F0004){ref-type="fig"}, p\>0.05); and for the adventitia, the values were 1±0.3 for YO, 20.7±10.2 for AD and 13.4±5.8 for OL, with significant differences between YO and AD and between YO and OL ([Figure 4B](#F0004){ref-type="fig"}, p\<0.01). For the β2 receptor, the values for the intima were 1±0.6 for YO, 1.9±0.55 for AD and 5.2±1.4 for OL, with significant differences between YO and OL and between AD and OL ([Figure 4C](#F0004){ref-type="fig"}, p\<0.05); for the media, the values were 1±0.7 for YO, 0.65±0.13 for AD and 1.08±0.4 for OL, with no significant differences among groups ([Figure 4C](#F0004){ref-type="fig"}, p\>0.05); and for the adventitia, the values were 1±0.8 for YO, 1.4±0.2 for AD and 4.3±1.2 for OL, with significant differences between YO and OL and between AD and OL ([Figure 4C](#F0004){ref-type="fig"}, p\<0.01). For the TP receptor, the values for the intima were 1±0.2 for YO, 1.7±0.8 for AD and 0.75±0.3 for OL, without significant differences among the groups ([Figure 4D](#F0004){ref-type="fig"}, p\>0.05); for the media, the values were 1±0.4 for YO, 1.75±0.6 for AD and 1.2±0.4 for OL, without significant differences among the groups ([Figure 4D](#F0004){ref-type="fig"}, p\>0.05); and for the adventitia, the values were 1±0.5 for YO, 5.7±1.9 for AD and 7.6±2 for OL, with significant differences between YO and AD and between YO and OL ([Figure 4D](#F0004){ref-type="fig"}, p\<0.01).Figure 4Quantification of protein expression of α1, β2 and thromboxane A2 (TP) receptors in the aortic wall of YO, AD, and OL rabbit. (**A**) representative images of immunofluorescence to identify α1, β2 and thromboxane A2 (TP) receptors. (**B**--**D**) Quantification of the fluorescence of the α1, β2 and TP receptors, respectively, in the tunica of the aortic wall. The number of experiments is 4 in all cases. **(A)** The length of the white calibration bars are equivalent to 100 μm. \*Indicates p\<0.05. \*\*p\<0.01. \*\*\*p\<0.001. The expression was always normalized to YO.

Discussion {#S0004}
==========

We assessed the effect of ageing on structure, VR and receptor expression in rabbit aorta. Our main findings were as follows: 1) there were no structural changes in the ageing aorta, 2) ageing causes a decrease in the sensitivity of the aorta to KCl, U-46619 and isoproterenol, and 3) there was an increase in the adrenergic response with ageing, associated to an increased α1 receptor expression.

Structural Vascular Changes with Ageing {#S0004-S2001}
---------------------------------------

We performed a histological approach in order to establish whether there was vascular remodeling attributable to ageing, but we found no differences in intima-media thickness, as showed in [Figure 1](#F0001){ref-type="fig"}. We stained with Van Gieson and a modified Van Gieson (with orcein) to qualitatively evaluate collagen and elastic fibers, respectively, without finding a difference either.

Functional Vascular Changes with Ageing {#S0004-S2002}
---------------------------------------

We demonstrated that ageing causes a decrease in the sensitivity of aortic smooth muscle to receptor-independent agonists; however, Emax did not change. This result contrasts with,[@CIT0006] which showed an increase in sensitivity and Emax to KCl in SAMR1 and SAMP8 mouse aorta (senescence model). This difference in results is expected because[@CIT0006] used female mice in an accelerated senescence model, that could not exactly meet natural ageing processes. Another important finding of the present study is the lack of differences between adult and old subjects, in agreement with[@CIT0018] and,[@CIT0019] who showed identical results in the aorta of healthy young vs old Sprague-Dawley rats; however, they did find differences in Emax at 18 months in SHR rats (hypertensive model).

We observed an increase in the adrenergic response with ageing, consistent with the increased expression of the α1 receptor in the tunica intima and media (observed as a trend) and in the adventitia (significant increase); however, cellular diversity of this external layer makes it difficult to establish how this increase in α1 expression contributes to the changes seen in VR. The increase in adrenergic response that we observed contrasts with,[@CIT0020] which found decreased sensitivity to stimulation with norepinephrine (NE) in adult rat aorta, but it is probably due to NE has an α and β effect, while the PE used in the present study has specific affinity for α1. Our results also differed from,[@CIT0021] which did not find differences in VR to PE in rat coronary artery, but agreed with,[@CIT0022] which showed an increase in the α1 receptor in the human mammary artery in relation to age, and with,[@CIT0023] which observed an increase in the reactivity of the renal artery to the sympathetic stimulus in humans over 50 years of age. Notably, the results involve different vascular beds and different species. The diversity of results justifies new complementary studies in arteries of distribution of various species, for example, in the mesenteric arteries of humans, rabbits and rats, to further clarify this scenario.

The VR to the TXA2 analogue, normalized to KCl, showed a marked difference in contraction between young and old rabbits and between adult and old rabbits, suggesting that sensitivity to prostanoids remains until six months of development in rabbits, which would be equivalent to approximately 14 human years.[@CIT0013] However, the sensitivity deteriorates in old age. This result is reinforced by the tendency to decrease in the expression of the TP receptor in the intima and media after adulthood, and coincides with that reported in the female SAMR1 and SAMP8 mouse aorta, attributing this increase in sensitivity and maximum effect to the stimulus with U-44619 to a decrease in the availability of nitric oxide and increase in contractile prostanoid synthesis.[@CIT0006] Strikingly, there is a significant increase in the expression of the TP receptor in the vascular adventitia, but again, the cellular diversity of this external layer makes it difficult to define how this increase in TP contributes to the changes seen in VR. Our results for the intima match those reported in,[@CIT0024] which did not find differences in the expression of the TP receptor in endothelial cells of SHR and WKY rats between 36 and 72 weeks, and contrasts with those reported in,[@CIT0025] which did not find differences to the stimulus with U-46619 in male 6 and 22 months old Fischer F344 rat aorta, and with those reported in,[@CIT0026] which did not find differences with the same agonist in rat cerebral arterioles. These results suggest that this contrast may be due to the animals and vessels used, in addition to different ages, but could also be related to the amount of perivascular tissue removed during the cleaning and mounting procedure.

We add that such changes in VR, at least in the aorta, may have other origins, for example, in the dynamics of phosphorylation at the cellular level, the availability of second messengers and other downstream mechanisms, which we did not explore but are reviewed in.[@CIT0003]

It is important to take into account that the gain in contraction could be accentuated by the decrease in endothelial compensation.[@CIT0024] In our relaxation results, VR with CCh showed a tendency to decrease sensitivity to stimulation in old rabbits, coinciding with studies that showed decreased endothelial-dependent vasodilatory response to stimulation with acetylcholine or CCh in coronary[@CIT0021] and mesenteric[@CIT0027] arteries related to ageing in rats. This deterioration of relaxation is usually attributed to oxidative processes in the vascular wall.

In the present study, when we applied isoproterenol, a vascular relaxant that acts through the β2 receptor, we found a significant decrease in sensitivity and a maximum effect that was accentuated as age progressed, in contrast with the increase in β2 receptor expression in the endothelium and adventitia, suggesting that there is less β-adrenergic receptor activity as an individual ages, as discussed in[@CIT0014] and.[@CIT0022] It is feasible that the vessel responds by increasing the number of β receptors in adults and older patients especially in the endothelium and adventitia; however, each unit is relatively less functional, at least in this vascular bed. These results are similar to those reported in,[@CIT0028] which showed a decrease in the vasorelaxant response in the human coronary artery in relation to ageing, although this decrease is much more pronounced in response to an endothelium-dependent vasodilator than to an endothelium-independent vasodilator. Additionally, our results would contribute to understanding the reduction of vascular stiffness when sympathetic denervation is made[@CIT0029] although apparently not when baroreflex activation therapy is performed,[@CIT0030] suggesting that vascular stiffness does not depend exclusively on sympathetic control.

When testing the non-endothelium-dependent relaxation response, the present work evidenced a marked decrease in SNP sensitivity in AD and OL with respect to YO, suggesting a reduction in the ability of vascular smooth muscle to relax in aging, complemented by a structural change of the vessel that makes it more rigid, known as elastocalcinosis.[@CIT0003],[@CIT0004] These results contrast with studies that did not find such differences in the SNP response between young and old animals, in soleus feed arteries of Fisher 344 rats,[@CIT0031] in aorta of Wistar rats[@CIT0032] and in carotid of Albino rats.[@CIT0033] The evidence strongly suggests that stiffening due to aging occurs differently depending on the vascular territory, as,[@CIT0034] co-authored by the same author of,[@CIT0031] showed in aorta, iliac, femoral and gastrocnemius feed arteries of Fisher 344 rats, that deterioration of the dilatation to the SNP did occur in large/elastic arteries, but not in resistance arteries. According to this, and to our results, vascular stiffening due to aging is not only due to endothelial changes but to a structural and functional changes of the different layers of the artery. Additional studies are required to characterize the involved mechanisms.

Conclusion {#S0005}
==========

In a rapidly ageing world, it is critical to know more about the mechanisms by which blood vessels harden with age. Our results suggest that ageing makes the aorta more rigid not only mechanically but, in addition, more reactive to α1 adrenergic contraction, perhaps as compensation for lower responsiveness to the prostanoid contractile pathway. In the same sense, the aorta is less reactive to endothelium-dependent and non-dependent relaxation, which could not be attributable only to oxidative stress. The vessel seems to try to compensate for that stiffness with increased receptors, with little success due to their probable lower functionality. The evidence here presented complements the view that there is a deterioration of the ECM (elastocalcinosis) and an increase in the rigidity of vascular smooth muscle. In this way, we hope to contribute to a better rationale of lifestyle and pharmacological interventions which attempt to treat/prevent CVD. Our quantification could also contribute to improving the comparability of vascular outcomes between groups of people with different ages. In addition, if experimental animals are used, our results insist on the necessity to ensure that the age of the animals used is equivalent to the age range of incidence of the disease in humans, to decrease a probable bias when extrapolating the findings.
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[^1]: **Notes:** ^a^% Relaxation with respect to the maximum contraction with PE. Results on average ± SEM. The n of KCl, PE and U-46619 are respectively the same as in [Figure 2](#F0002){ref-type="fig"}; The n of CCh, isoproterenol and SNP is the same as in [Figure 3](#F0003){ref-type="fig"}.
